Abstract: We suggest a dual-function plasmonic optical filter based on a metal-insulatormetal waveguide that has a deep subwavelength air gap 10 nm in thickness and a waveguide width of 350 nm. Because the dispersion curves of even and odd waveguide modes have different dependences on the waveguide width, and only the odd mode has a cutoff frequency, the proposed structure can have dual functionality, acting as a resonant tunneling filter for odd modes and a simple waveguide for even modes.
Introduction
Miniaturization of photonic devices is essential to developing more compact photonic integrated circuits. Plasmonic structures play key roles in the realization of ultracompact photonic devices because they can confine of light beyond the diffraction limit [1] , [2] . Recent studies have introduced various types of plasmonic structure with deep subwavelength light confinement, such as plasmonic cavities [3] , [4] , waveguides [5] - [8] , and optical filters [9] , [10] , which would be essential building blocks in photonic circuits. Among many types of plasmonic structures, metalinsulator-metal (MIM) plasmonic waveguides have received much attention for use in compact photonic devices because MIM waveguides can localize light in the deep subwavelength crosssectional area in the insulator between metals [8] , [11] , [12] .
On the other hand, to realize more compact photonic integrated circuits in which multiple photonic components are arranged, multifunctional devices should be developed to reduce the complexity of the circuit. Recently, non-periodic metallic grooves [13] and photonic crystal waveguides [14] have been demonstrated to show multiple functionalities in reasonable designs determined using numerical parameter searches.
In this paper, we proposed a dual-function optical filter consisting of an MIM cavity and waveguides based on the mode symmetry and dispersion properties. In an MIM waveguide, the dispersion curves of even and odd modes have different dependences on the waveguide width, and only odd modes have a cutoff frequency, which results in forbidden frequency regions in propagation of the waveguide mode. By combining these properties of the two waveguide modes, the proposed filter performs two different roles for even and odd waveguide modes. Even waveguide modes can be transmitted with high transmittance ðT 9 75%Þ for a broad spectral range (1200-1750 mm); in contrast, relatively high transmittance ðT 9 49%Þ of odd modes is allowed only for a narrow spectral range corresponding to the plasmonic cavity resonance with a wavelength of 1547 nm and a linewidth at full width at half-maximum ðÁ FWHM Þ of 105 nm. Fig. 1(a) shows a schematic diagram of an MIM waveguide consisting of two silver strips with a deep subwavelength air gap. Each silver strip has a thickness ðhÞ of 100 nm and a waveguide width ðw Þ of 200 or 350 nm. The air gap size ðtÞ is 10 nm, which is 150 times smaller than the wavelength of 1550 nm. In this waveguide, two types of waveguide modes exist depending on the symmetry of the modes. Fig. 1(b) shows side and top views of the dominant electric field ðE z Þ profiles of a waveguide mode that has even mirror symmetry with respect to the center of the waveguide (x axis). In contrast, Fig. 1(c) shows electric field profiles of a waveguide mode with odd mirror symmetry. In these figures, the excited waveguide modes were calculated for a wavelength of 1550 nm in waveguides with a width of 350 nm. According to the symmetry, the waveguide modes in Fig. 1(b) and (c) are called even and odd waveguide modes, respectively. In both waveguide modes, the electric fields are strongly localized in the deep subwavelength air gap between the silver strips because of effective index guiding, even though there is no physical boundary in the horizontal direction. Both waveguide modes are transverse magnetic field (TM) modes, as dominant electric field is z-direction.
MIM Plasmonic Waveguide and Dispersion Properties
To understand the propagation characteristics of both waveguide modes, we obtained the dispersion curves of the even and odd modes for waveguide widths of 200 and 350 nm, as shown in Fig. 1(d) and (e). The frequency of the even waveguide mode is linearly proportional to the wave vector, and the even mode is allowed in the entire frequency range [see Fig. 1(d) ]. When the waveguide width increases from 200 to 350 nm, the dispersion curve shifts slightly to shorter frequencies. This is because the effective index of the waveguide increases slightly. However, the effect of the waveguide width on the dispersion curve is relatively small as the waveguide width changes from 200 to 350 nm. In contrast with that of the even mode, the dispersion curve for the odd mode has a strong width dependence. The electric field maximum of the odd mode is located at the edge of the waveguide in Fig. 1(c) . Therefore, changing the waveguide width affects the dispersion curve significantly. Furthermore, the odd mode has a cutoff frequency (cutoff wavelength) at zero wave vector, which is the lowest allowed frequency (longest wavelength) that can be propagated by the waveguide. Propagation of waveguide modes with a frequency below the cutoff frequency is forbidden. As shown in Fig. 1(e) , the dispersion curve moves considerably upward as the width of the waveguide is adjusted from 350 to 200 nm, with a large jump in the cutoff frequency. As a result, the waveguide with a width of 200 nm has a higher cutoff frequency ð2f ¼ 1744 THzÞ than the waveguide with a width of 350 nm (1066 THz), and the allowed frequency in the waveguide moves toward frequencies above the cutoff frequency. For example, for the odd waveguide mode with a frequency of 1215 THz (wavelength of 1550 nm), because the frequency is higher than the cutoff frequency of the wider waveguide ðw ¼ 350 nmÞ and lower than that of the narrower waveguide ðw ¼ 200 nmÞ, propagation is allowed along the wider waveguide but forbidden along the narrower waveguide. Therefore, the narrow waveguide can work as a mirror for the odd mode with a wavelength of 1550 nm.
In this paper, the waveguide mode, cavity mode, and transmission are calculated by the 3-D finite-difference time-domain (FDTD) method. Silver is represented by the Drude model based on the experimentally determined dielectric functions [4] , [15] , [16] . The real part ð" r Þ and imaginary part ð" i Þ of the dielectric function are described as follows:
where the background dielectric constant ð" 1 Þ, plasma frequency ð! p Þ, and damping factor ðÞ are set to 3.14, 9.13 eV, and 0.0210 eV, respectively. The background material is set to air. To describe the 10 nm air gap size accurately in the simulations, the grid sizes in the x, y, and z directions are set to 5, 5, and 1 nm, respectively.
Structure of Dual-Function Optical Filter
On the basis of the dispersion properties of the even and odd modes, we propose a dual-function waveguide filter with two waveguide widths of 200 nm and 350 nm, as shown in Fig. 2(a) . A cavity region with a width of 350 nm and a length ðL c Þ of 250 nm is sandwiched between two mirror regions consisting of narrow waveguides ðw ¼ 200 nmÞ with a length ðL m Þ of 400 nm and input/ output wide waveguides ðw ¼ 350 nmÞ sequentially. Along the waveguide axis (x axis), the change in the waveguide width causes spatial variation in the cutoff frequency of the odd mode [see Fig. 2(b) ]. Because the widths of the cavity and the input/output waveguides are set to 350 nm, their cutoff frequency (cutoff wavelength) is 1066 THz (1767 nm). On the other hand, the mirror waveguide width of 200 nm has a cutoff frequency (cutoff wavelength) of 1744 THz (1080 nm). The odd mode can propagate along the waveguide only if the odd waveguide mode has a higher frequency than the cutoff frequency. Therefore, a photonic well having a frequency ranging from 1066 to 1744 THz can be built in the cavity region. When the odd mode is excited in the cavity region with a frequency lower than the cutoff frequency of the mirror region, the mode would be localized by the mirror waveguide owing to cutoff frequency difference. In fact, a resonant mode with a resonant wavelength of 1547 nm, indicated by the orange line in Fig. 2(b) , is strongly localized in the cavity region, as shown in the electric field profile in Fig. 2(c) . On the other hand, the cavity mode can be transmitted into the input/output wide waveguides by photon tunneling over the forbidden mirror region with finite length because the wavelength of the cavity resonance is also placed in the allowed region of the input/output waveguide [see Fig. 2(b) ]. The mode profile indicates that the cavity mode originates in the odd waveguide mode of Fig. 1(c) . To excite the cavity mode, an electric dipole source with z-axis polarization is placed at the antinode of the mode profile.
To understand the loss properties of the proposed structure, we investigate the Q factors (Q tot , Q cavity , Q wg , and Q abs ) as functions of the mirror waveguide length ðL m Þ. The Q factor is defined as follows: 2f Â ðstored energy in cavity =power lossÞ [17] . The total loss of the proposed structure consists of the cavity radiation loss, waveguide loss, and metallic absorption loss. Because the Q factor is inversely proportional to the loss, we can calculate Q tot , Q cavity , Q wg , and Q abs by calculating the respective losses. In the cavity, horizontal leakage into free space due to weak index guiding causes the cavity radiation loss, and the metallic absorption loss arises from power attenuation in the metal by ohmic loss. On the other hand, the waveguide loss corresponds to the coupling loss between the cavity mode and the input/output waveguides. We calculate each loss as follows. First, Q tot is obtained from the time decay of the cavity total energy. Next, we calculate Q optical , which is the total loss in a structure that has no metallic absorption loss. Q optical can be computed as the damping factor in the Drude model goes to zero [4] , [18] , which gives the value of Q abs from the equation 1=Q total ¼ ð1=Q optical Þ þ ð1=Q absorption Þ. Further, we calculate the cavity loss and waveguide loss by summing the Poynting vectors over the surface covering the cavity and the cross-sectional surface of the input/output waveguide, respectively. Using the ratio between the cavity loss and the waveguide loss, Q cavity and Q wg are directly obtained by the following equation: 1=Q optical ¼ ð1=Q cavity Þ þ ð1=Q waveguide Þ.
As shown in Fig. 3 , the total Q factor increases following Q cavity as L m increases and becomes saturated at a value of 35 when L m exceeds 350 nm because the dominant losses, the cavity radiation loss, and metallic absorption loss, remain the same, as indicated by the constant Q cavity and Q abs . Because the metallic absorption loss is determined by the amount of cavity energy inside the metal, and the mode profile is not changed, Q abs has an almost constant value of 89 for different values of L m . Q cavity , which is affected mainly by the air gap size because the effective index of the mode determines the horizontal leakage [4] , [16] , has an almost constant value of 68 for cutoff mirror lengths greater than 150 nm. On the other hand, the coupled energy from the cavity to the input/output wide waveguide decreases with increasing mirror length because the mirror effect becomes stronger. Therefore, Q wg increases exponentially as the mirror length increases. Q wg is estimated to be 15 for L m ¼ 100 nm and increases to 910 for L m ¼ 400 nm. In Fig. 3 , the waveguide coupling loss is dominant for L m shorter than 200 nm; thus, Q tot decreases according to the dependence of Q wg on the mirror length. For a high waveguide coupling ratio, a smaller L m is required; however, for a high Q cavity or narrow operating linewidth, an L m value larger than 200 nm should be chosen. The dominant cavity loss is mainly from y directional radiation and can be suppressed by applying multipole-cancellation mechanism [19] of higher order cavity mode, resulting in the increase of Q cavity . Q abs can be increased by introducing high index material in the middle of air gap [20] . By increasing Q cavity and Q abs , the overall Q factor would be increased.
Transmission Characteristics of Even and Odd Waveguide Modes
The proposed structure acts as a resonant cavity for the odd waveguide mode owing to the cutoff frequency difference between the waveguides with different widths (see Fig. 2 ). However, because the even waveguide mode has almost the same dispersion curve for different waveguide widths [see Fig. 1(d) ], the modulation of the waveguide widths may not affect the propagation of the even mode. To investigate the transmittance properties for the even and odd modes in the broadband wavelength region ranging from 1200 nm to 1750 nm at the input (left) wide waveguide, the transmitted signals in the output (right) wide waveguide are measured, and the wavelength dependences are calculated. Fig. 4(a) shows high transmittance (9 75%) of the even mode in a broad wavelength region of 1200-1750 nm. A wavelengths of less than 1500 nm, the transmittance is even larger than 90%, and for wavelengths larger than 1500 nm, the transmittance decreases but is still larger than 75%. If monochromatic light with a wavelength of 1547 nm, the cavity resonance of the odd mode, is injected from the input waveguide, 91% transmittance is expected from Fig. 4(a) . In fact, Fig. 4(b) shows high transmission of the even mode with a wavelength of 1547 nm from the input waveguide to the output waveguide through the proposed structure. A strong electric field amplitude in the output waveguide, which is comparable with that in the input waveguide, is clearly observed, and the ratio between the field intensity in the input/output waveguides is matched to the transmittance curve of Fig. 4(a) . In the even mode, the narrow waveguide ðw ¼ 200 nmÞ is not a mirror waveguide but just a simple waveguide. Therefore, because propagation of the even mode is allowed at all frequencies (wavelengths), regardless of the waveguide width, the proposed structure acts as a simple waveguide for the even mode despite the existence of width modulation. In addition, the transmission curve remains almost unchanged even if L m is changed.
In contrast to even mode transmission, which occurs with large transmittance over a broad spectral range in the proposed structure, odd mode transmission is allowed only for a narrow Fig. 3 . Quality factors of the odd cavity mode in the proposed structure as a function of mirror length ðL m Þ. Q tot (black), Q cavity (red), Q wg (blue), and Q abs (purple) are inversely proportional to the total loss, cavity radiation loss, waveguide loss, and metallic absorption loss, respectively.
wavelength range corresponding to the cavity resonance. We investigate the transmission curves of the odd waveguide mode for mirror lengths ðL m Þ of 100, 200, and 300 nm. At transmission peak is observed at the cavity resonant wavelengths, which are estimated to be 1530, 1547, and 1550 nm for L m ¼ 100, 200, and 300 nm, respectively. As L m decreases and the mirror effect of the narrow waveguide becomes weaker, a larger transmittance is obtained at resonance. When L m is 100 nm, the transmittance is calculated as 87% at resonance, and the peak has a broad linewidth at full width at half-maximum ðÁ FWHM Þ of 250 nm. For L m ¼ 300 nm, the transmittance is only 20% at resonance, however, with a relatively narrow linewidth of 75 nm. The trade-off between transmission and bandwidth is determined by modulating the mirror length. Fig. 5(b) and (c) show the dominant E z profiles of the odd mode transmission on resonance (1547 nm) and off resonance (1300 nm), which are indicated by the red and blue lines, respectively, in Fig. 5(a) in the structure with a mirror length of 200 nm. The transmission peak has a Á FWHM of 105 nm. For on resonance transmission, the transmittance has a relatively high value of 49%. On the other hand, the off resonance transmission is negligibly small ðT ¼ 5%Þ. Therefore, the proposed structure with L m ¼ 200 nm allows the propagation of the odd mode only in the wavelength range of 1495-1600 nm. Transmittance through the photonic well is considered as photonic resonant tunneling, which can be understood by similar way with quantum tunneling effect. Therefore, the transmittance through the mirror region decreases exponentially with increasing the mirror length, L m [21] . If Q cavity and Q abs are increased by manipulating mode shape and introducing high index material inside air gap, Q tot will saturate at the higher Q values, which suggests higher transmission with similar Q for same L m with the proposed structure.
Conclusion
In summary, we theoretically proposed a dual-function MIM plasmonic optical filter consisting of a cavity region and two mirrors with different waveguide widths. Because only the odd mode has a cutoff frequency, and the frequency depends on the waveguide width, light with a wavelength ðÞ of 1547 nm, which has an odd cavity mode profile, can be confined in a cavity region with a size of 350 Â 250 Â 10 nm 3 ¼ 0:00024 3 . The odd waveguide mode shows resonant tunneling for a cavity resonance with a peak wavelength of 1547 nm and a linewidth of 105 nm. Because the dispersion curve of the even mode does not depend on the waveguide width, the even mode can transmit more than 75% in a broad spectral range of 1200-1750 nm for the proposed structure with waveguide width modulation. By using simple width modulation and the cutoff frequency of the odd mode, the proposed structure functions simultaneously as both a resonant optical filter with a narrow spectral range and a simple waveguide with high transmittance for a broad spectral range, where the functionality is determined simply by the symmetry of the injected waveguide mode. This proposed submicrometer-sized photonic device, which allows the spectral transmittance to be selected by varying two different parameters, will facilitate the construction of more compact photonic integrated circuits. The dual function filter can be fabricated by depositing metal over thin dielectric layer on the metal substrate, defining the structure through the e-beam lithography and dry-etching, and removing the thin dielectric layer by wet etching. If active material is embedded in the cavity region, nano-laser or optical switching devices are also constructed.
